A gronomy J our n al • Volume 10 0 , I s sue 3 • 2 0 0 8 801 T he IFSM (Rotz and Coiner, 2005 ) is a deterministic, process-based model that predicts eff ects of weather and management on hydrology and soil nutrient dynamics, forage and crop yields, milk or beef production, and farm economics in temperate regions at a whole-farm scale. Future enhancements intend to incorporate a whole-farm C budget into the model framework. Th e model was recently enhanced to represent the growth and competition of multiple plant species in pastures and their eff ects on pasture productivity and botanical composition in temperate climates (Corson et al., 2006) . Th is enhanced model incorporated plant, water, and soil components of the Simulation of Production and Utilization of Rangelands Model (SPUR 2.4; Foy et al., 1999) . Th e revised pasture model was calibrated and validated with fi eld data from experimental pastures in central Pennsylvania containing primarily orchardgrass (Dactylis glomerata L.) and white clover (Trifolium repens L.). Although this is a comprehensive model that simulates both above-and below-ground components of the pasture community, calibration and validation were based only on periodic measurements of aboveground forage yield.
T he IFSM (Rotz and Coiner, 2005 ) is a deterministic, process-based model that predicts eff ects of weather and management on hydrology and soil nutrient dynamics, forage and crop yields, milk or beef production, and farm economics in temperate regions at a whole-farm scale. Future enhancements intend to incorporate a whole-farm C budget into the model framework. Th e model was recently enhanced to represent the growth and competition of multiple plant species in pastures and their eff ects on pasture productivity and botanical composition in temperate climates (Corson et al., 2006) . Th is enhanced model incorporated plant, water, and soil components of the Simulation of Production and Utilization of Rangelands Model (SPUR 2.4; Foy et al., 1999) . Th e revised pasture model was calibrated and validated with fi eld data from experimental pastures in central Pennsylvania containing primarily orchardgrass (Dactylis glomerata L.) and white clover (Trifolium repens L.). Although this is a comprehensive model that simulates both above-and below-ground components of the pasture community, calibration and validation were based only on periodic measurements of aboveground forage yield.
No information was available on how well the model simulated the physiological processes such as photosynthetic CO 2 uptake (GPP) that underlie yield predictions.
Properly managed agricultural systems have the ability to sequester C in the soil profi le (Follett et al., 2001; West and Marland, 2002; Lal, 2004) . Th is ability is becoming of great interest as human-induced increases in atmospheric CO 2 concentration contribute to global climate change (Karl and Trenberth, 2003) . Whole-farm models, such as IFSM, provide a means to evaluate the ability of diff erent production systems to optimize plant and animal productivity and economic returns while at the same time delivering ecological goods and services such as increased soil C storage and reduced emissions of other greenhouse gasses. To predict whole-farm C dynamics, a plant growth model must be able to accurately predict photosynthetic inputs and respiratory losses. However, few data sets are available that contain the year-round measurements of canopy photosynthesis and respiration necessary to properly validate such models.
Micrometeorological measurements of CO 2 exchange over pastures provide one means of monitoring net C gain or loss on a daily basis. Partitioning of net fl uxes into photosynthetic and respiratory components permits further refi nement of our understanding of the processes infl uencing the seasonal and yearly grassland C balance (Gilmanov et al., 2003; Novick et al., 2004; Verburg et al., 2004; Xu and Baldocchi, 2004) . Continuous CO 2 fl ux measurements are obtained using eddy covariance systems that correlate changes in vertical wind velocity with changes in atmospheric CO 2 concentration. Fluxes are commonly measured at a frequency of 10 Hz and averaged over time steps of 20 to 30 min. Such frequent mea-surements allow the eff ects of changes in the environment, or in management practices such as fertilization and defoliation, to be rapidly quantifi ed.
Th is paper describes the use of daily micrometeorological measurements of GPP to evaluate and improve the photosynthesis subroutine of the pasture growth component of the recently revised SPUR/IFSM. Such refi nements will help ensure that model structures correctly represent the inter-annual and seasonal dynamics of C acquisition and pasture growth.
MATERIALS AND METHODS
Development, sensitivity analysis and predictive ability of the pasture growth component of IFSM have been previously described (Corson et al., 2006) . Briefl y, in the photosynthesis subroutine, photosynthetic rate without stress limitations was initially calculated as a function of photosynthetically active radiation and leaf area index. Th is optimal photosynthetic rate was then adjusted for limiting factors including water stress, temperature stress, and leaf N concentration. A stress multiplier value ranging from 0 to 1 was calculated for each potential limiting factor and the most limiting factor was identifi ed as the one with the smallest multiplier value. Th e optimal photosynthetic rate was then multiplied by the stress multiplier value to obtain the actual photosynthetic rate. Th e model was initially parameterized for a rotationally grazed, cool-season grasslegume pasture in central Pennsylvania (Corson et al., 2006 (Dugas et al., 1991) . Data were collected continuously at 10 Hz and averaged over 20-min time intervals. Coordinate rotation, frequency response corrections (Moore, 1986) , corrections for density eff ects due to heat and water vapor transfer (Webb et al., 1980) , and corrections for internal and external heating of the LI-7500 (Burba et al., 2006) were applied to the raw CO 2 fl ux data. Th e open path CO 2 /H 2 O analyzer and CSAT3 3-D sonic anemometer were placed at a height of 1.75 m above the soil surface in the center of a 7 ha pasture, providing >200 m fetch in the direction of the prevailing winds. Plant canopy height was generally <0.3 m during the growing season, although canopy height approached 1.0 m before the spring cutting in 2003. Canopy height during the dormant season was <0.1 m.
A complete description of the algorithm for fl ux partitioning between GPP and ecosystem respiration can be found in Gilmanov et al. (2003) . In summary, on each day for which fl ux, soil temperature (T soil ), and photosynthetically active radiation (PAR) data were available, GPP was derived from a light-response function F = f(PAR) or F = f(PAR,T soil ). Its parameters (initial slope, plateau, curvature, daytime respiration, temperature exponent of daytime respiration, daytime respiration at T soil = 0, etc.) were estimated using iterative nonlinear regression. Using a 7-d window, dependence of nighttime respiration on soil temperature, R night = g(T soil ), was identifi ed.
Missing data were gap-fi lled using: (a) linear interpolation for gaps ≤2 h; (b) light-response functions for missing daytime data; and (c) temperature-response function for nighttime data. When nighttime temperature response data were not available, average daytime respiration or temperature dependence of the respiration term of the daytime light response function were used. Averaged over the 4 yr, 37% of daytime fl ux measurements had to be gap-fi lled for one reason or another. For the rare days for which measurements were completely missing (19 d total over 4 yr), interpolation was performed at the daily time step using either linear interpolation, or nonlinear regression functions of daily gross photosynthesis and daily ecosystem respiration on available predictors (daily PAR, T soil , soil moisture, etc.). Because of limitations in the models ability to simulate the soil component of ecosystem respiration, this report focuses on GPP, which is strictly a plant physiological process.
Biomass production was determined during the growing season (March through November) by taking weekly rising-plate meter readings calibrated against clipped biomass obtained on a monthly basis. Monthly harvests and plate meter measurements were also made during the winter to provide a complete description of live biomass distribution throughout the year. With the exception of the one cutting for hay in the spring of 2003, all biomass harvests occurred as grazing by beef cattle using management intensive rotational grazing practices. Under this system, pastures were subdivided into approximately 0.5 ha paddocks and each paddock was typically grazed for 3 to 4 d by 10 to 25 cows or cow/calf pairs depending on the amount of available forage and number of available cows. Model structure, however, called for biomass removal on a single day, which was set as the mid-point of each grazing event. Th e pasture received N fertilizer as urea twice each year at rates of 56 kg N ha -1 in April and 34 or 45 kg N ha -1 in August, except in 2006 when the spring and late-summer rates were 67 and 22 kg N ha -1 , respectively. When pastures were grazed, 37% of the consumed biomass was considered to have been returned to the pasture as manure. Manure deposition rate was based on forage digestibility results from a nearby study employing similar forage species and grazing management (Soder et al., 2006) .
RESULTS
Initial testing of the default parameters and structure of the model, using 2003 data, resulted in simulated annual forage yield of 331 g dry matter m -2 compared with measured forage yield of 391 g dry matter m -2 (a 15% underestimation). Simulated yield at the fi rst of four harvests was 99% of observed yield. Simulated yield then decreased relative to observed yield for each subsequent harvest until the model predicted no measurable forage yield for the fi nal harvest (Table  1) . Simulated total annual GPP was very close to measured annual GPP, diff ering by 4%. Even though little diff erence existed between simulated and observed annual results, modeled GPP was severely overestimated at the beginning of the growing season and greatly underestimated thereaft er.
Following evaluation of results using the default parameters and model structure, the model was modifi ed manually and iteratively to more closely simulate the seasonal distribution of CO 2 fl uxes. Adjustments to model parameters are shown in Table  2 . Most adjustments were derived through calibration, as little empirical data exists for many of the parameters. Initial overestimation of GPP during the spring occurred when leaf area index (LAI) was high and available soil N was abundant. Rapid growth and N uptake early in the year reduced N availability in the late summer and fall to the point that little or noN was available to support continued growth. According to the model structure, N limitation to growth was caused by the reduced shoot N concentration resulting from the lack of available soil N. Reducing the N use effi ciency parameter (PR29) increased shoot N content and allowed for greater growth later in the year.
Adjustments to the photosynthetic parameters; maximum photosynthetic rate (PR1), light-use effi ciency coeffi cient (PR2), and canopy light-extinction coeffi cient (PR30) had little eff ect on annual GPP but served to reduce photosynthetic rates when LAI was high while increasing photosynthesis at other times of the year. Decreasing PR2 and increasing PR30 both resulted in a decrease in GPP by causing the photosynthesis vs. LAI curve to saturate at lower LAI values. Th e increase in GPP caused by increasing PR1 compensated for the decrease caused by the changes in PR2 and PR30. In addition, maximum LAI (CRIT1) was reduced from 8.0 to 2.0 and the structure of the model was changed so that a portion of shoot structural biomass senesced and moved to the litter pool each day that LAI was ≥2.0. Th is provided a more realistic representation of leaf mortality than the original model, which had allowed leaf biomass to increase unimpeded until the specifi ed maximum LAI of 8.0 was reached. At that time, all future daily increments in leaf biomass in the original model were immediately transferred to the litter pool until a harvest reduced LAI to below 8.0. With the new structure, leaf growth and senescence proceeded simultaneously when LAI was ≥2.0 so that the maximum LAI predicted by the model ranged from 3.8 in the severe drought year of 2005 to 6.9 in 2003 which was characterized by abundant moisture and a long growth period before the fi rst harvest in the spring.
Two parameters relating to seed production and frost kill were adjusted to essentially remove them from the simulation. Because pastures were managed to maintain the sward in a vegetative state, the date seed production begins (CRIT6) was set to Day 365. Also, fi eld studies have suggested that winter mortality is low, and that these cool-season pastures retain some green leaf area and are capable of photosynthetic uptake at subfreezing temperatures approaching the original temperature for frost kill used in the model (Skinner, 2007) . Th erefore, the temperature for frost kill (CRIT2) was reduced from -6°C to -20°C to ensure that low temperatures did not eliminate all subsequent physiological activity.
Following model adjustments, predictions of total annual GPP increased by 136 g CO 2 m -2 , and the diff erence between the simulated and observed uptake for the calibration data in 2003 was reduced to 1% (Table 1) . Goodness-of-fi t calculations between observed and predicted GPP (Gauch et al., 2003) indicated that 68% of the prediction error came from scatter around the 1:1 line, 32% from systemic bias, with no mean bias. Although simulated GPP remained greater than observed GPP during the fi rst growth period and less than observed for most growth periods thereaft er, the discrepancy for all harvests was greatly reduced compared with the initial model. Simulated forage yield increased to 390 g dry matter m -2 in the revised model, which was almost identical to observed yield (Table 1) . Model outputs were validated using 2004, 2005, and 2006 data. Th e model was able to simulate annual yield (Fig. 1) to within 14 ± 9% of observed values. Simulated yield exceeded observed yield by 99 g m -2 in 2006, with all of the overestimation occurring during the fourth of fi ve harvests taken that year. Simulated GPP averaged -7 ± 3% of observed GPP (Fig.  2) , with predicted values diff ering form observed values by no more than 16% in any given year. Both simulated and observed GPP showed similar seasonal dynamics (Fig. 3 ). Values were low from January through March, increased rapidly to a maximum in May, then gradually decreased throughout the summer and autumn to a low in December that was similar to January rates. As with the calibration year, GPP was slightly overestimated during the fi rst half of the year, then underestimated from June on, with the exception of September, when simulated GPP exceeded observed GPP following fertilizer applications in late August of each year.
To determine why GPP was overestimated at times early in the year, the infl uence of environmental and morphological parameters on daily photosynthetic uptake were examined during the period from 1 January to 31 May. Both observed and simulated GPP were near zero for most days during January through March, then increased with the onset of Spring beginning in late March or early April (Fig. 4) . However, on some days during the winter both simulated and observed photosynthetic uptake occurred, with the model predicting greater increases in GPP than were actually observed. Th ere were also several days in late May of 2004 and 2005 when the model substantially overestimated GPP. Observed GPP was greater than zero on many days during the winter when mean air temperature was <0°C (Fig. 5) . With a couple of exceptions, simulated CO 2 uptake did not occur until mean daily air temperature was near freezing, and the greatest overestimation of GPP tended to occur on winter days when temperatures were above 0°C.
Th e model calculated daily GPP based on light availability and leaf area. Multiplier values were then used to constrain photosynthesis based on temperature, moisture, and N limitations. Ample rainfall throughout 2004 prevented moisture stress from signifi cantly aff ecting photosynthesis (Table 3) . During 2004, low temperature limitations predominated during the fi rst few months of the year. Aft er temperatures began to warm in mid-to late March, shoot N became the major limiting factor and remained so throughout the rest of the year. Low temperature also limited photosynthesis in early 2005. However, drought stress that began in mid-May and was not fully relieved until early October meant that moisture availability was the major constraint throughout most of the summer. Nitrogen constraints predominated during April and May. Reduced growth during the drought meant that N was conserved in the soil and did not become a major limiting factor once drought was relieved until near the end of December. In 2006, low temperature was the major constraint for much of January through March, although warm temperatures during that period meant that N limitations also constrained GPP more oft en during that period than in previous years. Drought stress also occurred in 2006, but was more intermittent than in 2005. Th us, both moisture and N stress limited photosynthesis for most of the summer and early autumn. Aft er mid-October, N was again the main limiting factor controlling GPP. When all years were considered, low temperature generally limited GPP for the fi rst 3 to 4 mo of the year with water and N stress becoming more important thereaft er. Th e balance between the two depended on the timing of fertilizer applications and rainfall patterns. Surprisingly, low temperature was generally not the main factor limiting GPP during the early winter months of November and December. Th ornley and Cannell (1997) suggested that experiments be conducted to lessen uncertainty about processes within models rather than to improve predicted responses of the entire ecosystem. Th e current model, once modifi ed, did an excellent job of simulating C inputs into the pasture system. Averaged over 3 yr, simulated GPP underestimated observed values by 7 ± 3%. Th e model was able to successfully simulate a 15% increase in GPP in 2004 compared with the calibration year, and a 15% decrease in GPP due to drought in 2005. Overall, GPP was adequately simulated over a range of observed values from 3881 to 5291 g CO 2 m -2 yr -1 . Only a few studies in the past have used continuous CO 2 fl ux data to validate photosynthesis models. Th e most extensive evaluation to date used the Pasture Simulation Model (Riedo et al., 1998) to simulated CO 2 fl uxes for 2 to 3 yr at fi ve European grassland sites (Calanca et al., 2007) . Gross primary productivity at these sites ranged from 1713 to 7916 g CO 2 m -2 yr -1 . Absolute diff erences between simulated and observed GPP in that study averaged about 24%, with 80% of the simulations underestimating GPP. Aber et al. (1996) validated a generalized model of forest photosynthesis with daily C balance data from the Harvard Forest. Averaged over 4 yr, the model predicted daily GPP to within 2% of observed values. Th ey found no major discrepancies between predicted and observed values, although their model tended to underestimate mid-summer GPP. Wohlfahrt et al. (2001) conducted a similar analysis for a multi-species model of vegetation/atmosphere CO 2 exchange in mountain grasslands. Th ey only monitored net ecosystem exchange (NEE) and did not provide estimates of GPP. However, regressions of daily predicted vs. observed NEE for two sites were highly signifi cant (P < 0.01) with intercepts near zero and slopes of 0.94 to 0.96. Together these results suggest that models can be developed that accurately predict GPP across a range of ecosystems.
DISCUSSION
Th e model was also able to provide excellent estimates of total forage yield, diff ering from observed values by 1% in Comparisons with data from root cores suggested that too much C was being partitioned by the model to roots early in the year, with little root growth occurring aft er the fi rst harvest (data not shown). Th is overestimation of root biomass during the spring occurred despite the reduction in maximum root to shoot ratio (PR9) and increases in root respiration (PR24) and root mortality (PR25). Overestimation of root growth refl ects the rangeland origin of the SPUR model since rangeland grasses tend to have relatively large root systems. Further refi nement of the model to better match seasonal diff erences in GPP and yield will have to take into consideration partitioning of C within the plant and the complex environmental interactions that aff ect C uptake and partitioning (Davidson, 1969; Saggar et al., 1997; Stewart and Metherell, 1999) . Aber et al. (1996) found that simulation of GPP was much more sensitive to parameters related to maximum photosynthetic rate than to those related to light, temperature, or leaf mass. In the default parameter set of the SPUR-IFSM, maximum photosynthetic rate (P max ) was 28.8 μmol m -2 s -1 , and the model underpredicted annual GPP in 2003 by 180 g CO 2 m -2 . Increasing P max to 35 μmol m -2 s -1 (Table 2) improved predictions of annual GPP to within 44 g CO 2 m -2 (1%) of the observed amount. Stout (1994) also found it necessary to increase the photosynthetic rate in SPUR to properly simulate growth of grasslands in the northeastern United States. Th e greatest observed mid-day photosynthetic rates in the current study ranged from a low of 25 μmol m -2 s -1 in 2005 to a high of 45 μmol m -2 s -1 in 2004 (data not shown). Other studies have reported single-leaf P max values of 27 μmol m -2 s -1 for orchardgrass (Peri et al., 2003) and canopy P max of about 45 μmol m -2 s -1 for well-fertilized tall fescue (Gastal and Belanger, 1993) .
Much of the overestimation of GPP in the beginning of the year occurred on relatively warm days in January, February, and March (Fig. 5) . Photosynthetic activity in many plant species can occur at subzero temperatures as long as temperatures are greater than the freezing point of water in the leaves (Pisek, 1973) . Skinner (2007) showed that in the absence of snow cover, photosynthetic CO 2 uptake occurred on these pastures at daytime temperatures near -5°C. Even aft er incorporating subfreezing photosynthetic uptake into the model structure, simulated GPP was oft en much lower than observed GPP at temperatures well below 0°C. Overestimation of wintertime GPP was most common at temperatures near or above freezing (Fig. 5) . Part of the overestimation during winter resulted from the lack of inclusion of snow cover in the weather data set, and the subsequent inability of the model to reduce photosynthetic uptake when snow cover limited light availability (Fig. 4) . Th e model also appeared to respond more rapidly than the actual pasture to improved light, temperature, and canopy cover conditions in the early spring. Plant processes do not always respond instantaneously to improving environmental conditions but require time for genetic and physiological responses to be translated into increased photosynthetic rates. Incorporating lag periods into simulated responses during periods of otherwise favorable environmental conditions could improve correlations between simulated and observed uptake rates.
In addition to air temperature, major constraints to CO 2 uptake throughout the year were water availability and leaf N status (Table 3) . When averaged over all 3 yr, shoot N content was the most limiting factor for 53% of the days. Although there were relatively few days during May each year when simulated gross photosynthesis greatly overestimated measured values (Fig. 4) , all occurred on days when leaf area index was high and shoot N stress was minimal aft er fertilizer application in the spring produced short-term spikes in soil N availability. Modeled N uptake by plants was primarily controlled by plant demand rather than by supply, and oft en occurred faster than soil replacement through fertilizer and manure applications or soil mineralization. Because of this, soil in the model tended to become depleted of N during the summer. Th is lack of N appeared to be the major constraint limiting GPP aft er the Table  2 , additional changes in model structure will be necessary to improve late-season simulations of GPP. Adjusting parameter values in the current model beyond the changes shown in Table  2 tended to have unacceptable eff ects on yield, suggesting that additional improvement in simulating GPP will require substantial changes to the actual structure of the model.
CONCLUSIONS
Access to daily photosynthesis measurements provided an excellent opportunity to evaluate key components of the SPUR/IFSM pasture growth submodel. Following adjustments to model parameters, annual GPP could be predicted with a high degree of accuracy, as could general seasonal patterns in C uptake. Improvements in components of the model's photosynthetic CO 2 uptake routine will enhance its ability to simulate the whole farm C budget. Total annual yield could be predicted more easily than yield of individual harvests. On a seasonal basis, photosynthetic uptake was not always closely related to forage yield, primarily because of diff erences in rootshoot partitioning. Th is disconnect between CO 2 uptake and yield underscores the importance of properly simulating each component of the pasture C budget. Further refi nement of the model to accurately simulate the seasonal distribution of additional functions, including respiratory loss and root development, will help ensure that model structures correctly represent all aspects of pasture C dynamics.
